Seagrasses are one of the most efficient natural sinks of carbon dioxide (CO2) on Earth1. Despite 15 covering less than 0.1 % of coastal regions, they have the capacity to bury up to 10 % of marine 16 organic matter1 and can bury the same amount of carbon 35 times faster than tropical 17 rainforests2. On land, the soil's ability to sequestrate carbon is intimately linked to microbial 18 metabolism3. Despite the growing attention to the link between plant production, microbial 19 communities, and the carbon cycle in terrestrial ecosystems4-6, these processes remain enigmatic 20 in the sea. Here, we show that seagrasses excrete organic sugars, namely in the form of sucrose, 21 into their rhizospheres. Surprisingly, the microbial communities living underneath meadows do 22
not fully use this sugar stock in their metabolism. Instead, sucrose piles up in the sediments to 23 mM concentrations underneath multiple types of seagrass meadows. Sediment incubation 24 experiments show that microbial communities living underneath a meadow use sucrose at low 25 metabolic rates. Our metagenomic analyses revealed that the distinct community of 26 microorganisms occurring underneath meadows is limited in their ability to degrade simple 27 sugars, which allows these compounds to persist in the environment over relatively long periods 28 of time. Our findings reveal how seagrasses form blue carbon stocks despite the relatively small 29 area they occupy. Unfortunately, anthropogenic disturbances are threatening the long-term 30 persistence of seagrass meadows. Given that these sediments contain a large stock of sugars that 31 heterotopic bacteria can degrade, it is even more important to protect these ecosystems from 32 degradation. 33
Main 34 Seagrasses are marine angiosperms that form the foundation of coastal regions on 7 of the 35 8 continents, excluding Antarctica7. As ecosystem engineers, seagrasses provide important 36 services to human populations. For example, they are habitats for fisheries, stabilize the sea 37 floor, remove pollutants from their waters, and help to maintain biogeochemical cycles8. Like 38 their terrestrial relatives, seagrasses play an import role in sequestering carbon from the 39 atmosphere by incorporating it into their living tissues and burying it as organic matter in their 40 sediments1. It is assumed that the majority of this organic carbon is captured in seagrass 41 sediments as plant debris1,9. However, seagrasses also leak high concentrations of dissolved 42 organic carbon (DOC) into their environment10, a carbon source that is turned over by 43 microorganisms in their metabolism. 44
Here, we show that seagrasses alter the chemistry within their rhizosphere by excreting 45 sugars to their environment. On land, terrestrial plants feed organic compounds to microbial 46 communities in their soils to facilitate the long-term storage of carbon3. Comparatively less is 47 known about how seagrasses interact with microbial communities living in their sediments11, 12. 48 We predict that sugars accumulate and influence the long-term ability of the microbial 49 community to sequester carbon. These sugars shape the microbial taxa and function underneath 50 meadows. 52 We measured high concentrations (on average 38.9 µM and up to 1145 µM) of organic 53 sugars across four different types of seagrass meadows from three coastal regions (Figure 1 a,b ) 54 using a new method to detect metabolites in seawater13. The primary sugar in the porewater 55 metabolome is the disaccharide sucrose, the most abundant sugar found in seagrass tissues across 56 species14. Given that seagrasses occupy between 300,000-600,000 km2 of coastal regions1, we 57 conservatively estimate (methods) that there is a global stock between 0.56 to 1.12 Tg of sucrose 58 in the upper 30 cm of sediments colonized by seagrasses. Our observations represent a paradox 59 in microbial ecology, as sugars are thought to be rapidly consumed in heterotrophic metabolism 60 of microorganisms across most natural habitats15-17. Until now, the only known habitats that 61 contain high concentrations of simple sugars (e.g., mono-and disaccharides) include plant 62 nectars and fruit juices, biofilms associated with seaweeds, and soils as dissolved organic 63 matter18,19. Consequently, the sediments under seagrasses represent a unique sugar habitat 64 spanning hundreds to thousands of continuous stretches of m2 in aquatic ecosystems. 65
Sediments underneath seagrass meadows are rich in organic sugars
To describe metabolite composition across both spatial and temporal scales, we collected 66 570 metabolomic profiles from sediment porewaters underneath and adjacent to a Posidonia 67 oceanica meadow in the Mediterranean Sea (Figure 2a ; methods). Non-targeted and targeted 68 analyses revealed that sediments associated with P. oceanica, in comparison to non-vegetated 69 sites, contained significantly (p < 0.05) higher concentrations of sucrose, glucose, trehalose, 70 myo-inositol, and mannitol (Figure 2b,c = 138.94 µmol L-1 ± 7.54 SEM) (Figure S1a; Table S1 ).These sugars contributed up to 40 % to 74 the DOC pool underneath seagrass meadows (Figure S1b) and form an energy-rich source of 75 carbon that until now has been poorly characterized at the molecular scale10. 76
Sucrose concentrations in seagrass sediments correlated to the availability of light on 77 seasonal and diel temporal scales. Porewater profiles collected across different seasons revealed 78 that sucrose was more abundant in April and October than in July (Figure S2a) . Our observation 79 that sucrose is significantly (p < 0.05; Table S1 ) higher in spring in comparison to other times of 80 the year is consistent with bulk sediment carbohydrate, total organic carbon, and P. oceanica 81 productivity measurements in the Mediterranean Sea20,21. Furthermore, sucrose abundances from 82 seagrass leaves, but not their rhizomes or roots, are significantly (p < 0.01) higher in the day than 83 in the night (Figure 3a-d , Table S1 ). This indicates sucrose is produced by the plants during the 84 day-time hours. By sampling porewater metabolites across the diel cycle, we also observed 85 sucrose concentrations are significantly higher underneath seagrass meadows in the daylight 86 hours than at night (p < 0.02) (Figure 3e , Table S1 ). Taken together, our observations indicate 87 that seagrasses produce sugars in their leaves and transport the excess photosynthate to their 88 sediments where is partly consumed on a daily basis. 89
Our data suggest sugars are released from P. oceanica roots into the sediments. Previous 90 studies using bulk-carbon isotopes indicate that CO2 fixed by seagrasses is deposited into the 91 sediments through their roots22,23. Our work using porewater profiles expands on this by showing 92 sucrose abundances are highest at the root-sediment interface regardless of the type of meadow 93 investigated (Figure 4a, b; Figure S2b ). Furthermore, mass spectrometry imaging (MSI) 94 allowed us to visualize the molecular distribution of sugars across tissue sections of P. oceanica 95 roots. MSI images, at a pixel size of 10 µM, indicate sucrose is highly abundant at the stele of 96 the root and diffuses through the endodermis to the rhizodermis where it can be released into the 97 environment (Figure 4d-f ). On land, terrestrial plants transport sugars to their roots where it ends 98 up in root border cells that separate roots as they grow24. Our MSI data suggest similar processes 99 are occurring in seagrasses, providing a mechanism to explain the presence of sugars in our 100 porewater samples. 101
Collectively, our metabolomic data indicate seagrasses are altering the biogeochemistry 102 of their sediments by pumping a fraction of their primary production into the ground as sucrose. 103
While studies indicate seagrasses pump oxygen through their roots25, we show that the flux of 104 oxygen into meadow sediments is primarily from the upper diffusive boundary layer of the water 105 column (Figure 4c ). The deficit in dissolved oxygen in the porewater restricts microorganisms 106 from using aerobic pathways for sucrose respiration. Instead, microorganisms living in anoxic 107 layers ferment sugars to organic acids, which can then be respired by a syntrophic community of 108 sulfate reducers. While oxygen and nitrate are limited in seagrass meadows26, previous reports 109 from the Mediterranean indicate that sulfate concentrations are high (28 mM) and stable across 110 sites and sediment depths27. Experiments incubating sediments with 13C-labeled sucrose indicate 111 microbes living underneath meadows respire between 2.083 mmol of sucrose m-2 d-1 ( Figure  112 S3). Although these rates are comparatively higher than those we measured for communities 113 living outside of the meadow (0.895 mmol of sucrose m-2 d-1), the community would still need 114 55.64 hours to completely respire the standing stock of sucrose (5 mmol in the upper 30 cm) 115 without additional inputs from the overlying seagrasses. Coupled with previous observations that 116 there is little to no sulfide occurring underneath these meadows27, we hypothesize that there are 117 other biochemical interactions blocking the respiration of these sugars. 118 119 Seagrass meadows act as a metabolic oasis in an organic desert for 120 microorganisms 121 Sugars are essential energy sources for all Eukaryotes. Normally, land plants store 122 sucrose in their roots as starch and release a small fraction to their soils24. However, the ancestors 123 of seagrasses reduced their ability to produce starch in favor of expanding their genes for sucrose 124 transport. These adaptations allow modern seagrasses to quickly mobilize non-structural 125 carbohydrates for growth, reproduction, osmoregulation, and stress response28. Our data support 126 the hypothesis that the expansion of genes for sucrose transport also served as an overflow 127 mechanism to export sucrose during high productivity hours. In terrestrial systems, sugar 128 transport to soils is predicted to serve as a chemo-attractant for beneficial microorganisms, 129
including arbuscular mycorrhizas and beneficial Bacteria and Archaea. These microorganisms 130 trade nutrients for carbon derived from plant photosynthesis24. 131
To explore the role of the seagrasses in shaping the microbial community of the 132 sediments, we employed metagenomic analyses. We extracted genomic DNA from sediments 133 collected inside, at the edge, and outside a P. oceanica meadow from the anoxic depth layer 134 corresponding to average root depth (between 10 and 15 cm; methods) (Figure 2a ). We obtained 135 shot-gun libraries and sequenced them to a minimum depth of 141 million reads per sample 136 (Illumina HiSeq; for bioinformatic pipeline see Figure S4 ). In addition to our samples, we 137 downloaded a set of 304 metagenomic libraries from public repositories that cover available 138 terrestrial and oceanic habitats ( Table S2 ). Using phyloFlash29, we reconstructed the 16S small 139 subunit (SSU) of the ribosomal RNA gene from all metagenomes. These metagenomic libraries 140 form clusters related to sampling habitat based on order level taxonomy (ADONIS R2 = 0.48; p 141 < 0.001). Our analysis shows that marine sediments host a distinct community of microorganisms dominated by Proteobacteria. These sediments also contain representatives of 143 Acidobacteria, Actinobacteria, Nitrospirae, and Chloroflexi that are found in terrestrial 144 environments (Figure 5a, Figure S5 )30. 145
The community composition of our metagenomes is structured by the presence of 146 seagrasses (Figure 5b) . We compared the diversity and composition of sediment samples 147 collected inside, at the edge, and outside a P. ocenicea meadow. In parallel, our amplicon 148 sequencing approach of the full length 16S rRNA gene (PacBio, 22.5 mB / sample) revealed that 149 microbial communities associated with our sediments are highly diverse, mirroring known 150 complexities in terrestrial habitats that contain thousands of taxa per gram of soil4. However, we 151 observed fewer amplicon sequence variants (ASVs) inside the meadow then at the edge or 152 outside (Minside = 1793 ± 79 SEM; Medge = 2224 ± 23 SEM; Mout = 1983 ± 51 SEM) (Figure 5c ). 153
Seagrass sediments, which primarily contain sucrose, are dominated by fewer microorganisms 154 supporting the hypothesis that metabolite diversity drives microbial composition. 155
Regardless of how we assessed the taxonomic composition of our metagenomes, we 156
show that vegetated sediments host habitat-specific assemblages of Bacteria and Archaea 157 ( Figure S6 ). Coupled to previous work from a Zosteria marina meadow in the Pacific31, our data 158 indicate that seagrasses select for specific members of microbial taxa living underneath 159 meadows. Using a random forest classifier, we further show that specific members of the 160 sediment community are predictive of the presence of seagrasses on both local (out of bag error 161 11.11 %; RF p-value < 0.002) and global scales (model accuracy = 0.77; methods). We found 162 that members from Asgardaeota, Crenarcheaota, Euryarchaeota, Bacteriodetes, Chloroflexi, 163
Deltaproteobacteria, Spirochaetes, and Poribacteria were predictive of the presence of seagrasses 164 and more abundant in vegetated versus non-vegetated sediments (Figure S7) . Considering 165 members of these taxonomic groups occur in vegetated sediments across in multiple studies32,33, 166 these data suggest that these taxa contribute to the core microbiome living in marine rhizospheres 167 ( Figure S5) . 168
To further explore the function of microbial communities living in sediments adjacent to 169 and underneath seagrass meadows, we reconstructed 124 genome bins from a co-assembly of all 170 nine metagenomic libraries (> 70 % complete, < 20 % corrected contamination, Table S3 ; 171 Figure 4d ) (methods). While these metagenomic assembled bins (MAGs) do not represent the 172 full taxonomic composition of the sediments, they reflect the most prevalent members making up 173 the microbial community (Figure 5d ). To determine the linkage of each bin to sampling 174 location, we investigated and compared contig coverages across libraries. We found 15, 20 and 175 21 bins exclusively associate with sediments inside, at the edge, and outside the P. oceanica 176 meadow ( Figure S8) . 177
Our analyses revealed that MAGs associated with seagrass meadows were functionally 178 distinct from those found in non-vegetated sediments (Figure 6a) . We used eggNOG-mapper (v 179 2.0.0)34 to annotate predicted proteins from each site-specific bin with clusters of orthologous 180 groups (COGs). MAGs found underneath meadows, in comparison to those at the edge or 181 outside sampling sites, encoded a higher proportion of proteins involved in energy production 182 and conservation, signal transduction, and translation. In addition, these meadow bins contained 183 fewer genes involved in carbohydrate metabolism (Figure 6b) . These results were surprising 184 considering that we observed high concentrations of sugars underneath meadows (Figure 2c 
Conclusions 204
We know very little about how seagrasses interact with below ground microorganisms 205 and how this is linked to long term carbon storage11,12. Our sampling effort represents an 206 extensive survey of sediment chemistry underneath seagrass meadows and allowed us to 207 determine seagrasses are the source of sugars in marine rhizospheres. Here, we show that 208 seagrass sediments harbor a large source of sugar in the form of sucrose that is not fully used in 209 microbial metabolism. Given that the microbial communities underneath meadows are limited in 210 their ability to degrade these sugars, these energy rich compounds are accumulating below 211 seagrasses. Previous studies hypothesized that sugar excretion from seagrasses would feed a 212 beneficial consortia of microbial partners36, like those occurring in terrestrial rhizospheres. Our 213 analyses did not find evidence to support this hypothesis. Instead, the sediment environment, 214 likely mediated by the presence of the meadows, restricts the microbial metabolism of sugars. Metabolomics. Metabolomic profiles were obtained from sediment porewaters and prepared for 250 GC-MS using a recently described method13. 251
Metabolites were extracted from seagrass tissues using a modified method for plant-252 based metabolite profiling38. Briefly, tissues form frozen plants were separated into leaves, 253 rhizomes, and roots and ground under liquid nitrogen into a find dust using a mortar and pestle. 254
Approximately 400 mg of ground plant tissue was aliquoted into Eppendorf vials. Pre-cooled 255 methanol (1.4 mL) was added to each aliquot and vortexed for 10 s. Tissues were extracted at 256 70°C for 10 min in a thermomixer at 950 rpm and subsequently centrifuged to pellet the tissue at 257 11,000 g at 4 °C. The supernatant was transfer to 14 mL glass vials. To separate the polar and 258 non-polar compounds, 750 µL of chloroform and 1.5 mL of high grade water was added to each 259 sample, vortexed for 10 s and centrifuged for 15 min at 2,200 g. 25 µL of the upper, polar-phase 260 was dried to completeness in a vacuum concentrator without heating (approximately 1 h) after 261 which the aliquots were stored at -80°C until metabolite dativization. 262
To remove condensation formed during extract storage, directly before preparation for 263 GC-MS analysis we further dried extracts in a vacuum concentrator for 30 min. Metabolite processing seagrass tissues to avoid damage to the GC column. Metabolite separation on the 281 column was achieved with an initial oven temperature of 60 °C followed by a ramp of 20 °C 282 min-1 until 325 °C was reached which was then held for 2 mins. Helium carrier gas was used at a 283 constant flow rate of 1 mL min-1. Mass spectra were acquired in electron ionization mode at 70 284 eV across the mass range of 50-600 m/z and a scan rate of 2 scans s-1. The retention time for the 285 method locked using standard mixture of fatty acid methyl esters (Sigma Aldrich). 286 287 Metabolome data analysis. In order to identify which compounds are driving differences 288 between vegetated and non-vegetated sediments, we used a non-targeted metabolomic approach 289 to assess differences in metabolite composition from porewater samples collected inside and 290 outside a P. oceanica seagrass meadow. Raw GC-MS data from samples collected in October 291 2016 were imported into R (v3.5.2) as converted mzXML files (MsConvert)40 and processed 292 using XCMS (v2.99.6)41. Individual peaks were picked using the matchedFilter algorithm with a 293 full width at half maximum set to 8.4, signal to noise threshold at 1, m/z width of 0.25 (step 294 parameter), and m/z difference between overlapping peaks at 1. Resulting peaks were grouped, 295 retention times corrected and regrouped using the density (bandwidth parameter set to 2) and 296 obiwarp methods. Following peak filling, the CAMERA (v1.32.0)42 package was used to place 297 m/z peaks into pseudo-spectra by grouping similar peaks with the groupFWHM function. A 298 single m/z value was selected to represent each CAMERA group using the following criteria: 1) 299 m/z value > 150, 2) occurs across samples with the highest frequency and, if two or more ions are 300 tied in terms of number of samples detected, 3) has the highest mean intensity. Ions with very 301 low mean intensities (< 0.001) were considered noise and removed from the analysis. Ion abundances were normalized to the ribitol internal standard and compared using a volcano plot to 303 show ions with significant differences (alpha < 0.1) between sampling location and high fold 304 change values (log(FC) > 2). These peaks were subsequently identified using the Mass Hunter 305
Suite and through comparison to the NIST database. Resulting 16S CCS reads were processed using Dada245 in R to obtain amplicon 401 sequence variants (ASVs). Briefly, amplicon reads were imported into R and filtered to control 402 for expected sequence length (between 1000 and 1600 bp) and high quality reads (minQ=3). In order to compare the taxonomic composition of the sediment metagenomic datasets to 444 publicly available shotgun libraries from a diverse range of habitats (TableS2), the 445 ena_phyloFlash.pl script was used to download and process each sampling dataset. Additional 446 read datasets, specifically sampled in seagrass habitats and other complex soil ecosystems, were 447 downloaded separately and processed with phyloFlash from MG-RAST. All processed datasets 448 were compared using the phyloFlash_complare.pl script to obtain a sample by taxonomic 449 composition matrix on the order level. Samples containing less then 500 and more then 1M reads 450 per library were discarded from the analysis. Non-bacteria or archaea reads were removed from 451 the resulting sample matrix and sample count data were converted to relative abundances. A 452
PCoA was used to compare the composition between samples using order level taxonomic 453 assignments. A permutational multivariate analysis of variance test (ADONIS) was used to 454 determine if the sampled habitat drove community assemblage patterns. Communities for both 455 analyses were compared at the order taxonomic level. 456
To determine which taxa are predictive of the presence of seagrasses, a random forest 457 classifier was built using sediment samples collected inside, at the edge, and outside a P. 458 oceanica meadow (out of bag error 11.11 %). The classifier was used to predict if sediment 459 metagenomes from public repositories (as processed above with phyloFlash) were associated 460 with the presence of seagrass meadows. The model was tested for significance using a 461 permutation test of 1005 permutations and 501 tree splits, and cross validated using the "leave-462 one-out" method. Important features were identified at a mean decrease in Gini level of 0.02. 463
464
Microbial activity. Sediments were collected using push-cores inside (n=3) and at the edge 465 (n=3) of a P. oceanica meadow in Sant'Andrea Bay, Italy. 50 mL of sediment from the core's 466 oxic (upper 5 cm) and anoxic layers (bottom 25 cm) was added to replicate 500 mL Schott 467 bottles containing either double filtered (0.2 µM) anoxic (bubbled with N2 gas) or oxic seawater. 468
After an overnight acclimation step to ensure oxygen is drawn down in the anoxic treatments, 469 fully labeled 13C12-sucrose was added to each bottle at a final concentration of 50 µM. In 470 parallel, a dead controls were prepared by combining sediments from all cores with 4 % 471 paraformaldehyde. All experimental bottles and dead controls were sampled by collecting 6 mL 472 of seawater into 6 mL exetainers containing 50 µL of mercury chloride at each time point (0, 1, 473 3, 6, and 12 h post sucrose inoculation). Sampling seawater was replaced by freshly filtered 474 anoxic or oxic seawater. Following the conclusion of the experiment, total sediment wet weights 475 were recorded. 476
To determine the rate of 13CO2 production, 2 mL of each sample was acidified with 20 % 477 phosorphic acid57 in preparing for cavity ring-down spectroscopy (G2201-i coupled to a Liaison 478 A0301, Picarro Inc., connected to an AutoMate Prep Device, Bushnell). Sucrose uptake rate by 479 each sediment bottle was determined by measuring the ratio of 13C-CO2 to 12C-CO2 and 480 calculating changes in the isotopic ratio over time as normalized to g of sediment. 
